In this paper, we study the concept and forming manner of Solid Oxide Fuel Cell (SOFC) into the electrical system and then, its effect on small signal stability is investigated. The paper illustrates the essential module, mathematical analysis and small signal modeling of the SOFC joined to single machine system. The aim of this study is to reduce power oscillations in the presence of the SOFC with optimal stabilizer. The multi-objective Particle Swarm Optimization (MOPSO) technique has been used for designing a Power System Stabilizer (PSS) in order to improve the performance of the system. Two objective functions are regarded for the design of PSS parameters in order to maximize the damping factor and the damping ratio of the system. To evaluate the efficiency of the proposed optimal stabilizers, four scenarios are considered and then, its results have been analyzed. The proposed PSS tuning technique can be applied to a multi-machine system connected to the SOFC. The efficiency of MOPSO based proposed PSS on the oscillations the system related to SOFC is illustrated by time-domain simulation and also, the comparison of the MOPSO based proposed PSS with the PSS based-single objective method has been prepared.
distribution system. For example, Das and Co-workers in [11] represented a dynamic model of the SOFC in the distribution system that works in island mode and in the grid joined mode. Ref. [12] illustrates a model for the SOFC stack that operates at relatively low pressures. Dynamic models of microturbine and FC as distributed generators and analysis its effect on the dynamic behavior of the system is introduced in [13] . This paper investigates that when the influence of FC generation achieves to the level of conventional generation in a power system, how the system small-signal stability is affected. Ref. [14] shows a decreased order dynamic model of gird-joined a FC power generation. In [15] , the result of the SOFC model with the single machine system on the dynamic stability is checked. A complementary control signal in the excitation system provides fast damping of the oscillations and thus, dynamic performance is improved. Power system stabilizer (PSS) has been extensively used to repress the low frequency oscillations and improve the system dynamic stability. The present paper recommends a new technique for PSS design by using the multiobjective PSO to optimize the operation of the system. As regards, that optimization algorithms are being developed every day, but are still used algorithm PSO [16] . In this paper, the MOPSO is used in order for optimal design of PSS parameters for improving the performance of the system. Consequently, evaluation results of the MOPSO based planned controller, and then its good performance for damping of low frequency fluctuations under dissimilar disturbances are shown. The aims of this paper are:
-An accurate dynamic model of the SOF has been expanded to study transient stability in electrical systems; -The proposed model devitalizes or even eliminates electromechanical oscillations; -The MOPSO is exploited to obtain the optimal design of classic PSS parameters and PID parameters, in the existence of SOFC joined to the system. The next sections of the paper are as follows. In Section 2, all of the electrical system components that are used for small signal stability research are presented. Section 3 shows the optimal method for scheming dissimilar PSS for a power system related to the SOFC. Section 4 contains solution method and analysis of time-domain simulation results of proposed optimization model and consequently, conclusions are given in Section 5.
Problem Model
This paper studies effect of adding SOFC to the power system on the electro-mechanical oscillation modes of the system. For PSS design, all of the power system components, e.g. generators, their control systems and the SOFC power plant must be first modeled. The MOPSO technique designs the optimal stabilizers for improving the small signal stability by using the eigenvalues and deviation factors of the system.
SOFC model
The SOFC dynamic model is shown in Fig. 1 .
The chemical reactions that are happening inside the cell for the production of electricity can be calculated as [6 -10] :
Cathode:
The SOFC output power should be in control of its output current, because SOFC power depends on its current. Therefore, we have: As regards the Nernst equation, the internal electromotive force of the FC stack can be calculated as:
where 0 E is the voltage related to the reaction-free energy of a cell, T is the SOFC operating temperature, R is the gas constant, 2
are the reactant partial pressures and time constant of hydrogen, oxygen and water, respectively. Based on the dynamic model shown in Fig. 1 In order to analyze the small signal stability of a synchronous generator, small signal model is usually used. The synchronous generator model is well defined in a state space structure which is given in [18, 19] . Fig. 2 shows the structure of the SOFC power generation joined to the single machine system. Equivalent reactance of transformers or/and transmission line is denoted by 1 
SOFC model in single machine system
where d is the duty cycle and d T is the transfer function of the FC current controller. Fig. 3 shows the state space method to a DC-DC boost converterin continuous conduction mode (CCM). The boost converter has two states. First, the switch is on, second, the switch is off. 
,
These can be approximated by the following state space averaged model:
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where L i is the DC-DC inductor current and c V is the DC-DC capacitor voltage.
The changed DC voltage is converted to AC voltage by using a DC-DC converter for connecting to the power system. The terminal AC voltage of the converter can be calculated as follows [20] :
where dc V is the terminal voltage of DC-DC converter,  is the angle deviation between fcac V and dc V and k is usually equal to 0.75 [20] . Two different controllers are proposed for the DC-AC converter, where m is the modulation ratio and φ is the phase of the pulse width modulation:
where vdc T is transfer function of the DC voltage controller and vac T is transfer function AC voltage controller. From Fig. 3 mathematical model of the DC-AC converter can be stated as:
We can have:
The equations are transferred to d-q frame of the synchronous machine. Hence, we have:
' ' sin cos
Linearized Model
Linearization of a dynamic model of the DC-DC converter (12) and (13) can be found the following:
For DC-AC converter, we have:
Linearized of (21) and (22) is denoted by the following: 
The block diagram of the system by using of the (27), (28), (32 -38) and linearized equations that is given in [18, 19] is shown in Fig. 4 . The comparison of PSO with other heuristic algorithms makes the obvious concept under consideration a Pareto set ranking procedure [21] could be the straight way to develop the scheme to exploit the multi-objective optimization problems. The historical notation of optimum candidates obtained by a particle (i.e., an individual) could be handled to keep non-dominated candidates generated in the previous iterations. By using of global attraction strategies under consideration a historical notation found non-dominated candidates would put through convergence characteristic into globally non-dominated solutions. The optimization problem is a multi-objective optimization which was considered as an effective approach to find the optimal solution between different objectives. The detailed procedures for finding the best solutions by optimal Pareto set are introduced in Fig. 6 illustrates model of the CPSS. The CPSS consists of two phase-lead compensation blocks, and a gain block. Five constant coefficients of the model (i.e. 1 T , 2 T , 3 T , 4 T , C K ) have to be designed optimally. 
Classic power system stabilizer

PID controller
The considered controller structure is PID controller, which is shown in Fig.7 . KP should be tuned by optimization algorithm.
Applying MOPSO Algorithm to Design the Optimal Controllers for SOFC
In the linearized system model presented, the eigenvalues of the single machine system are evaluated. The proposed method is aiming to search for the optimal parameters set of the controllers. The objective functions for MOPSO to tuning of controllers are defined by the following: 
where  is the speed deviation of generator, OS is the system overshoot, n is the total number of the eigenvalues, j  is the damping ratio, r is the system reference, and y is the system output. The goal of these objective functions is to improve the damping of the oscillation and reducing the system overshoot and settling time. To have a comparison with MOPSO, single objective PSO is employed. This comparison helps us to have a better analyzes. The goal is minimization of the following fitness function:
where F 1 and F 2 are objective functions described already, W 1 and W 2 is the weighting ratios.
Optimal tune of inverter PID controller
The objective of the optimization problem is to maximize the damped oscillation due to imported disturbance. The best solution that obtained from MOPSO and PSO is summarized in Table 1 .
Table 1
The optimal values of PID controller by using MOPSO and PSO. T , c K ) should be tuned with the PSO and MOPSO. The input and output of the PSS are the speed deviation  and the excitation voltage, respectively. The best solution obtained from MOPSO and PSO is given in Table 2 . Table 2 The optimal values of PSS and exciter parameters by using of MOPSO and PSO methods. 
Simulation Results
To analyze the small signal modeling of the SOFC joined to single machine system and proposed stabilizers, four scenarios will be considered. In these scenarios assumed that P SOFC = 0.5 and P Gen = 0.5. The simulation of the system is tested by a mechanical torque entered into the generator. Fig. 8 shows the speed deviation of a single machine system without a controller that the system is unstable after high oscillations. Therefore, the SOFC power generation can makes instability in the system. To demonstrate the robustness of the MOPSO in tune of PSS, a multi-machine test system connected to SOFC is simulated. 
A single machine connected to the SOFC
Scenario 1
In this scenario, generator is equipped with a classic PSS controller that tuned by single objective PSO. The convergence rate of the PSO is shown in Fig. 9a . So, it seems that the objective has a clear conflict here. Fig. 10 shows the plot of speed deviation response of the equipped generator with different stabilizers under the electromechanical disturbance. Fig. 11 shows the DC voltage deviation of output DC-DC converter with different controllers. The DC voltage deviation with regulated classic PSS and regulated PID is nearly the same. 
Scenario 2
In this scenario, generator is equipped with PID controller that tuned by single objective PSO. The convergence rate of the PSO is shown in Figs. 9b. So, it seems that the objective have not very clear conflict here. The speed deviation of the system with different controllers in this scenario is shown in Fig. 10 . By visual inspection of the curves in Fig. 10 , it can be seen that the speed deviation of the system equipped with classic PSS reached a better damping against PID controller. Although, the speed deviation with tuned PID controller reached a relatively good damping. It is noticed that the speed deviation with PSO based classic PSS is better than that with PSO based PID with less settling time and overshoot. The DC voltage deviation of output DC-DC converter with different controller is shown in Fig. 11 , which demonstrates that the CPSS has a better response. 
Scenario 3
In this case, generator is equipped with PID controller that tuned by Multiobjective PSO. The convergence rate for two objective functions is shown in Fig. 12a . The speed deviation of the system with different controllers is shown in Fig. 13 . As shown, the PID can stable the system. It can seen the speed deviation with PID tuned by MOPSO is better than that tuned with PSO with 
Scenario 4
In this scenario, generator is equipped with a classic PSS that tuned by Multi-objective PSO. The convergence rate for two objective functions is shown in Fig. 12b . The performance of the PSS tuned based on the multiobjective function is compared to that of the PSS tuned using the single Figs. 13 and 10 , it can be seen that the speed deviation with MOPSO based PSS is better than that with PSO based PSS with less settling time and overshoot. Also, the DC voltage deviation of output DC-DC converter with different controllers is shown in Fig. 14. 
A multi-machine connected to the SOFC
To assess the effectiveness and robustness of the proposed method over the other systems, the three-machine ten-bus power system, shown in Fig. 15 , is considered. Details of the system data are given in [2] . The capacity of the SOFC power plant is assumed to be comparable to that of the synchronous generators in the case study. In this section, we have used the MOPSO technique as an effective algorithm, to tune the PSSs parameters and improve the small signal stability of the system. 
Optimal tuning of PSSs parameters
The conventional structure of the PSS is used to reduce the system oscillations. In this study, PSS is connected to all the machines. In the provided method, we should set out the PSSs parameter, optimally to improve the system dynamic stability. .
Table 3
The optimal solutions of power system stabilizers. 
Time domain analysis
In this section, the performance of the proposed optimized PSS under transient conditions is verified by applying a step input signal. The system responses to this fault are shown in Figs. 16 and 17 . In this case, the SOFC power generation is lower than the active power supply from the generators in the grid. Without installing any PSS, the oscillations cannot be damped because the system exhibits two modes of oscillation in this case: one unstable inter-area mode and one stable mode. Therefore, the SOFC power generation can makes instability in the system. The conventional PSSs are installed on the all synchronous generators and these parameters are tuned using the PSO and MOPSO algorithms. It can be seen that installing properly PSSs tuned by MOPSO on generators has the largest effect on the damping of the inter area oscillation mode. The speed deviation between generator G1 and G2 is shown in Fig 16. Fig. 17 shows the speed deviation between generator G1 and G3.
Conclusion
This paper shows the result of the power system joined to the SOFC unit on small signal stability and effect of the optimal stabilizers to reduce the low frequency oscillations. A PSS tuned by MOPSO is proposed for attenuate the low frequency oscillations of imported disturbance in power system in presence of a SOFC power generation. The optimization of parameters the CPSS and PID controller is carried out. To acquire the optimized parameters, the MOPSO algorithm is applied to solve the design problem. Simulation study in the SMIB connected to the SOFC power generation confirms that the stabilizing consequence of the proposed MOPSO based CPSS are much superior to those of the conventional and PID controller. It is concluded that the PSSs tuned using the multiobjective function achieves good robust and provides superior damping in comparison with the case when the single objective is used. 
